resistance and capillary pressure after exposure to vasoconstrictor agents or cold.
Extremity blood flow can be measured by indicator dilution (6) . A practical technique for measuring pressures in small blood vessels has been developed in animals (5, (7) (8) (9) . In this study, the animal techniques were adapted to the human and combined with an indicator dilution method of measuring flow, thereby providing large and small vessel pressures, flow, and total and segmental vascular resistances in the human upper extremity. The techniques were then utilized to shed light on the above problems.
Methods
Pressures were measured at two, three, or four sites along the length of the upper extremity vascular bed. These sites included the brachial artery just above the elbow, the radial artery or one of its branches, a vein on the dorsum of the hand or proximal phalanx, and a vein in or near the antecubital space. Extremity blood flow was estimated by an indicator-dilution method.
Pressures in the supine normal and hypertensive human. Miniature disposable catheters 1 were introduced into the brachial artery, the radial artery, a dorsal metacarpal vein, and the median cubital vein of the right or left arm. The catheters, made of moderately rigid polyvinyl plastic, varied in size from one that passed through a thin-wall 20-gauge needle to one that passed through a regular 22-gauge needle. The catheters were soaked for 24 hours in a 1 : 1,000 aqueous solution of benzalkonium chloride. After filling the catheters with heparinized saline, the needles were inserted into the vessels. With sterile technique, the catheters were passed through the needles and the needles were withdrawn, leaving the catheters in place. The catheters in the radial artery and metacarpal vein were manipu1Albert E. Afford Co., Haddenfield, N. J. lated peripherally as far as possible, and in some instances, the tips lay in the volar arch and a dorsal digital vein of the proximal phalanx, respectively.
The catheters were attached to a single Statham resistance wire pressure transducer via a multiple stopcock arrangement that included a position for a syringe filled with heparinized saline. The arm and transducer were adjusted to the level of the right atrium. After determining that the position of the catheter tips allowed free irrigation with saline and aspiration of blood, the four pressures were sequentially recorded with a directwriting oscillograph. The method of sequential recording obviates the practical difficulties of calibrating multiple transducer-oscillograph systems. Although the transducer had a volume displacement of only 0.01 mm3 per 100 mm Hg, the narrow lumen of the catheter sometimes damped the pressure. For this reason, only mean pressures obtained electrically are reported.
The subjects were eight normal males with an average age of 37 years (range, 24 to 56) and ten male patients in the Chicago Veterans Administration Research Hospital with essential or renal hypertension and an average age of 41 years (range, 28 to 57). Five of the hypertensive subjects were not receiving medication at the time of the study. Medication in the remaining hypertensive subjects was as follows: phenobarbital in two; chlorothiazide in one; chlorothiazide and reserpine in one; phenobarbital, reserpine, hydralazine, and mecamylamine in one. Since none of the findings in the former five subjects was statistically different from those in the latter five subjects, the ten hypertensive subjects were treated as one group.
Effects of heart failitre and respiratory tract infection with fever upon the upper extremity vascular bed. The patients were studied at an ambient temperature of 21.6 + 0.8°C. An 18-gauge Cournand needle and a 21-gauge thin-wall needle were inserted into the brachial artery and antecubital vein, respectively, with the tips pointing upstream. A dorsal metacarpal vein was catheterized through a 21-gauge thin-wall needle as described above.
Because of the presence of orthopnea in some cases, all patients were placed supine with the back elevated to a 300 angle. The arm and pressure transducer were adjusted to right atrial levels, assumed to be 10 cm perpendicular to the skin of the back at the level of the fifth intercostal space. A 45-to 60-minute period of rest followed placement of the needles and catheter. In some patients, radioactive iodinated human serum albumin was injected into the antecubital vein to measure plasma volume by the method of Gibson and Evans (10) . After recording the pressures, upper extremity blood flow was measured by adapting the technique of Andres and his co-workers (6) to our preparation. Evans blue dye, 0.7 + 0.4 mg per ml, was infused through the Cournand needle into the brachial artery at the rate of 1 ml per minute from a 30-ml syringe. Venous blood, 5 ml, was withdrawn from the antecubital vein beginning at the 6th to 8th minute after the onset of infusion and placed in jars containing dried heparin or oxalate.
When serial studies were performed, the same antecubital vein was sampled in each study. At the completion of the study, the volume of the extremity to the level of the brachial artery needle was measured by water displacement.
After centrifugation, the optical density of the dyed plasma was read promptly in microcells at 620 mp, with a Beckman model DU spectrophotometer. All samples were corrected for hemolysis (6) and recirculation. When plasma volume was measured, the concentration of dye in the sample due to recirculation was calculated. lf the plasma volume was not determined, the concenitration was measured in blood simultaneously obtained from the contralateral antecubital vein. Plasma flow in milliliters per minute was calculated by dividing the infusion rate of the indicator, milligrams per minute, by the corrected plasma concentration of the indicator, milligrams per milliliter. This value was converted to blood flow using the venous hematocrit measured in sextuplicate by the microcapillary technique. The values obtained from two to three samples were averaged and are reported as ml per minute per 100 ml tissue. Total bed and venous resistances were calculated by dividing the pressure gradients from brachial artery to antecubital vein and from small vein to antecubital vein, respectively, by the blood flow rate per 100 ml tissue. These values were expressed as mm Hg per ml per minute per 100 ml tissue.
The subjects were 53 male patients in the Veterans Administration Research Hospital in Chicago. Each patient had one period of residence in the hospital during which a partial or complete study was conducted one or two times. Nineteen patients had the diagnosis of heart failure, established on the basis of the usual criteria and subsequently supported by one or more of the following therapeutic responses: radiologic evidence of decrease in heart size, decrease in plasma volume, decrease in venous pressure, decrease in body weight (more than 1 kg), and diuresis. In 7 of the 19 patients, upper extremity blood flow was measured, along with other parameters, both in the decompensated and compensated states. These seven patients are, therefore, reported in detail. The average age of the 19 patients was 57 years (range, 30 to 79). Three patients, one studied twice (M.T.), were receiving reserpine at the times of the studies. None of the other patients was receiving drugs likely to affect the sympathetic nervous system. Ten patients with an average age of 44 years (range, 25 to 71) were studied in the afebrile convalescent state after an acute respiratory tract infection. Seven of these patients had also been studied while febrile and acutely ill. These seven patients are, therefore, reported in detail. An additional 24 patients with respiratory tract infections were also studied but are omitted from the present analysis because of the coexistence of heart, lung, renal, or liver disease.
Effect of position and exercise upon venous pressures in normal subjects and in patients with compensated heart disease. By using a thin-wall 21-gauge needle, a Results Pressures in the supine normal and hypertensive human. In several subjects, pressure was recorded as the tip of a catheter was withdrawn from the volar arch to the site of entry into the radial artery in the wrist. The pressure did not change significantly over this length of artery, indicating that the position of the catheter tip is not critical. This is equally true for the position of the tip of the small vein catheter. (Tables I, V, and VI) . ,U
The difference in flow was about in proportion to the difference in the venous pressure gradient. Therefore, by a paired comparison in the above mentioned five patients, the resistance to flow through veins was not significantly different in the decompensated and compensated states (p = > 0.6). Upon progression to the compensated state, venous resistance rose in two patients but remained essentially the same in three. This finding was also apparent on intergroup comparison. Although the mean venous resistance in eight decompensated patients was slightly lower than in seven compensated patients (Table III) , the difference was not statistically significant (p = > 0.2).
In each of seven patients, the measured rate of blood flow through the extremity was higher in the presence of respiratory tract infection with fever than in the afebrile convalescent state (Table IV). This finding was even present in four patients who had lower pressure gradients while febrile than while afebrile. Extremity vascular resistance, therefore, was always lower in the presence of respiratory tract infection with fever. The venous hematocrit was usually higher in the febrile state.
Ten patients were studied in the afebrile recovered state, at a time when the chest roentgenogram was essentially clear. The average brachial arterial pressure, large vein pressure, blood flow, total resistance, and hematocrit were 83.2 ± 12.9 mm Hg, 4.8 ± 2.5 mm Hg, 5.1 + 1.7 ml per minute per 100 ml tissue, 18.4 + 8.0 mm Hg per ml per minute per 100 ml tissue, and 37 ± 4%o (data from seven of these ten patients appear in Table   IV ). The value for upper extremity blood flow is > comparable to the value of 4.7 ± 2.4 ml per minute per 100 ml tissue reported by Andres and his co-workers (6) for normal subjects.
Venous resistance was studied in four subjects. Patient J. M. (Table IV) COO -C~Cd compensated heart disease. None of the resting small and large vein pressures in the patients was significantly different from those in the normal subjects (Table V) ._, zn u jets. In amounts that were without effect upon brachial artery pressure, intrabrachial injection of levarterenol produced a transient fall in small vein pressure followed by a relatively sustained rise above the control value ( Figure 1 , Table VI (Figure 5 ), the differences did not achieve statistical significance.
Neither was there a difference between the responses in males and females. In two of the ice water experiments, phentolamine methanesulfonate, 5 mg, was injected into the contralateral antecubital vein when small vein pressure was well elevated. The pressure quickly fell 16 and 4 mm Hig, respectively. These pressure falls represent 67 and 44% of the elevations in pressure.
Discussion
Pressures in the supine normal and hypertensive human. This study shows that the pressure gradients down the lengths of the large arteries and large veins are practically identical in the normotensive subject and hypertensive patient. The small vessel gradient is, however, much greater in the hypertensive patient. Extremity blood flow in man with essential or renal hypertension apparently does not differ greatly from that in normotensive man (11) . Therefore, these pressure studies suggest that the elevated peripheral resistance in essential and renal hypertension re- (16) (17) (18) , and by plethysmography (19) (20) (21) (22) (23) (24) (25) . Since the pressure gradient across the extremity vascular bed was not less in the decompensated state, the reduced flow clearly results from an increase in the resistance to blood flow through the forearm. This finding indicates that the upper extremity vascular bed participates in the rise in total peripheral resistance that occurs in low output congestive heart failure (26) (27) (28) (29) (30) (31) . Furthermore, the rise in extremity vascular resistance apparently results from a reduction in vessel caliber rather than from an increase in blood viscosity because the venous hematocrit was lower in the congested state. The mechanism of the constriction is unknown, but animal studies suggest the participation of a baroreceptor-induced sympathicoadrenal discharge (32) . These studies imply that a sudden reduction of cardiac output lowers the arterial pressure, which in turn reduces the flow through an extremity. The fall in pressure is, however, immediately sensed by the baroreceptors, which normalize arterial pressure partly by constricting the periphery. The flow through the extremity is now low because of increased resistance to flow. The peripheral constriction might also result in part from a local mechanism. Recent studies indicate that a rise in venous pressure causes arteriolar constriction ("venous-arteriolar response"), a response which tends to minimize edema formation (33) . The mechanism of this local response is as yet not clearly defined.
The general site of the constriction may be de- duced from the data. Resistance to blood flow from the brachial artery to the small vein was elevated, whereas the resistance to flow from the small vein to the antecubital vein was normal or reduced. By inference, then, the calibers of some blood vessels upstream to the small vein were constricted, whereas the calibers of the veins between the sites of pressure measurement in the small and antecubital veins were normal or increased. Increased venous calibers, when present, most likely result from passive distention due to the elevated venous transmural pressure. Normal venous calibers despite elevated venous transmural pressure indicate a decrease in venous compliance, a change which has been demonstrated by plethysmographic techniques (22) (23) (24) (25) , and implies an increase of tension in the venous wall. The decrease in venous compliance most likely results from the same sympathicoadrenal discharge that is in part responsible for the upstream constriction.
Elevated small vein pressure was also demonstrated in the patients with low output congestive heart failure. This finding suggests that capillary hydrostatic pressure is elevated and that the edema is at least in part related to an elevated net filtration pressure.
The pressure in a small vein may rise because of an increase in small vein blood volume or a de- crease in small vein compliance. Small vein blood volume may increase because of an increase of flow into the small vein or because of a decrease in flow out of the small vein. Flow into the small vein may increase because of a rise in aortic pressure or decrease in upstream resistance. Flow out of the small vein may decrease because of increase of downstream resistance or increase of right atrial pressure. Low output congestive heart failure did not affect brachial arterial pressure, increased upstream resistance, did not regularly change resistance to flow between the small and large vein, but raised antecubital vein pressure. Hence, the rise in small vein pressure must have been related to the rise in antecubital vein pressure. The study, by itself, does not indicate the cause of the rise in antecubital vein pressure, since resistance to flow from the antecubital vein to the right atrium and right atrial pressure were not measured. Other investigators, however, have observed a rise in right atrial pressure and a decrease in the pressure gradient from antecubital vein to right atrium in congestive heart failure (21, 29, 30) . These observations, taken with the finding of a low extremity flow in this study, suggest that the caliber of the veins downstream to the antecubital fossa were not smaller than normal. Hence, small vein pressure apparently rises because of increase in right atrial pressure rather than from decrease in the caliber of downstream veins. The rise in small vein pressure is augmented, however, by the decrease in venous compliance.
These studies also show that the rate of upper extremity blood flow is increased in the presence of respiratory tract infection with fever. This finding is not unexpected in view of the known effects of heat upon the peripheral circulation (34, 35) . In 1913, Stewart (36) reported low foot blood flow in a patient febrile with pneumonia. More recently, Walsh and Burch (37) reported low digital blood flow in 15 of 20 patients ill with Asian influenza and presumably febrile. These findings are as yet unexplained. Since the pressure gradient across the extremity vascular bed was not higher in the presence of respiratory tract infection with fever, the elevated flow clearly results from a decrease in resistance to flow through the extremity. Furthermore, the fall in extremity vascular resistance apparently results from increase in vessel caliber rather than from decrease in blood viscosity because the venous hematocrit was almost always higher in the febrile state.
Effects of position and exercise upon venous pressure in normal subjects and in patients with compensated heart disease. Small vein pressure rose during exercise. This also occurs in animals (2, 38) . Since capillary pressure cannot be lower than small vein pressure, this finding suggests that exercise increases capillary hydrostatic pressure. An increase in capillary hydrostatic pressure could explain the fall of plasma volume that occurs during exercise in healthy subjects and in patients with heart disease (39).
The mechanism of the rise in small vein pressure during exercise may differ somewhat in the normal subject and in the patient with compensated heart disease. Increase in flow is undoubtedly a factor in both. However, the small to large vein pressure gradient did not change in the group of normal subjects but increased in the patients with heart disease. MNuth, Wormald, Bishop, and Donald (14) found that, in supine patients with rheumatic heart disease, the heat elimination from the hand was reduced at rest, and decreased further with leg exercise, showing only a delayed rise as exercise continued relative to normal subjects. The oxygen saturation of blood from deep veins of the forearm was unchanged during exercise in normal subjects but decreased in most patients with rheumatic heart disease. They concluded that the rise in hand flow during supine leg exercise is delayed and less pronounced in patients with heart disease. A Contrary to expectation, large vein pressure did not rise more in the patient with compensated heart disease than in the normal subject. This might be related to a smaller increment in flow (14) due to the heart disease and to lesser exercise (two patients could not tolerate a treadmill speed of 3 miles per hour).
Wood (40) found a decrease in forearm venous compliance on mild leg exercise in supine patients with congestive heart failure. This response was absent after administration of a sympathetic ganglioplegic agent. The same exercise was without effect in compensated patients. The amount of exercise was, however, considerably less than in the present study. Sharpey-Schafer (23) reported a decrease in venous compliance on exercise in normal subjects and in patients with heart failure. These findings are, however, difficult to interpret because there is no assurance that the starting venous volume was the same during rest and exercise.
The study also revealed that the pressures in small veins are spontaneously more labile than those in large veins. This has been previously observed in the normal unanesthetized dog (7) and by Wallace and Stead (41) (2, 38, 42, 43) and, during prolonged intra-arterial infusion, is associated with increases in organ weight (44, 45) and volume (46) . These findings have been interpreted to indicate a rise in capillary hydrostatic pressure and efflux of fluid from the capillary (44, 45) . Small vein pressure also rises after intravenous injection of epinephrine in animals (38) and intravenous infusion of levarterenol in man (41, 47 (50) . A pheochromocytoma may decrease blood volume (51) and hypotension sometimes follows removal of pheochromocytoma (52) . These findings suggest that capillary hydrostatic pressure also rises after systemic exposure to epinephrine or levarterenol, and the resulting fall in blood volume is at least in part responsible for the observed changes in blood pressure.
The mechanism of the rise in small venous pressure after intrabrachial injection of levarterenol appears to be a rise in downstream resistance out of proportion to the rise in upstream resistance. The upstream vessels are exposed to the agent first and have a shorter response time (53) .
Constriction of these vessels (2, 38, 46, 54, 55) decreases the inflow into the small vein, causing an immediate fall in small venous pressure. Very shortly thereafter, the downstream vessels are ex-posed to the agent. Constriction of these vessels (2, 8, 38, 42-46, 54, 55) out of proportion to the upstream vessels (44) (45) (46) so impedes the outflow from the small vein that the pressure now rises above the control value. That the initial rise in pressure above the control value does not result from release of upstream constriction in the presence of less than proportionately constricted downstream vessels or simply from reactive upstream dilation is indicated by the temperature measurements and by blood flow studies in animals (2, 38) . These factors could, however, have a role in maintaining the pressure above the control value, particularly since veins appear to relax slower than arteries (53) .
In this study, intrabrachial injection of angiotensin also produced a transient fall in small vein pressure followed by a sustained rise well above the control value. However, DePasquale and Burch (47) observed no change in small vein pressure upon intrabrachial injection of either angiotensin (0.6 to 0.8 ug) or levarterenol (0.7 to 1.0 ,g) in man, and intra-arterial administration of angiotensin produces no change or a fall in small vein pressure in animals (2, 8, 43, 45) . Furthermore, prolonged intrabrachial infusion does not increase forelimb weight in the dog (45) . Clearly, the mechanism of the rise in small vein pressure observed in this study needs further investigation. The temperature change suggests the mechanism is venous constriction as described for levarterenol. However, injection of angiotensin into an intact isolated segment of a large superficial vein in the human forearm produces little evidence of venous constriction (56) , and local administration has little effect on the veins of animals (2, 8, 55, 57) . On the other hand, intravenous administration produces a slight rise in the pressure within the intact presumably isolated segment of superficial forearm vein (56) and a decrease in forearm venous compliance (58) .
Acetylcholine produced only a rise in small vein pressure. This has also been observed in animals (2) . Hence, acetylcholine, when administered locally, may also increase capillary hydrostatic pressure and efflux of fluid from the capillary. The weight of the dog forelimb increases slightly during a prolonged intrabrachial infusion of methacholine (45) . Resistance calculations in animals (2) indicate that the rise in small vein pressure results from increased inflow into the small vein subsequent to decrease in upstream resistance. The pressure rise is, however, antagonized by simultaneous slight decrease in downstream resistance (2) .
The rise in small vein pressure during local cold exposure has been observed previously in man (41) and in animals (59, 60) . However, the levels achieved in this study clearly indicate that cold exposure can raise capillary pressure in man. This is of interest because hypovolemia, hemoconcentration, edema, and hypotension are sometimes observed in cold exposure (61) . Animal studies suggest that the mechanism of the rise in small vein pressure on local cold exposure is increase in downstream resistance out of proportion to increase in upstream resistance (60) . Downstream resistance may increase both because of increase in blood viscosity and active venous constriction. Reduction of blood temperature from 370 C to 200 C, a change similar to that seen in the subcutaneous tissue in this study, will double the viscosity of blood (60, 62, 63 In normal subjects, intrabrachial injection of levarterenol or angiotensin produced a transient fall in small vein pressure followed by a relatively sustained rise above the control value. Subcutaneous tissue temperature in the area of the small vein started falling shortly after injection and remained low during the pressor phase. Acetylcholine produced only a rise in pressure. Exposure of the hand or the hand and forearm to cold produced a slow large rise in small vein pressure.
